The development of new devices to improve treatment and to explore new indications that have not yet been adequately addressed is a natural consequence of the clinical demand for solutions to as yet unmet needs. The frozen elephant trunk technique was one of the major steps within the last 15 years to improve on existing treatments as well as to explore new indications. The goal of this article is to provide technical details about advances in implantation techniques for the treatment of acute and chronic thoracic aortic pathological conditions.
INTRODUCTION
The next paragraphs describe monitoring, perfusion and organ protection techniques currently used during surgery of the aortic arch in Europe according to a recent survey of the Vascular Domain of the European Association for Cardio-thoracic Surgery (EACTS) [1] . In addition, they describe the personal experiences of the authors.
Monitoring
Near-infrared spectroscopy (NIRS) is used by two-thirds of the centres included in the European survey, and bilateral radial pressure, by half of the centres. Often the two techniques are used together. Other methods of monitoring are only used occasionally [1] .
We always monitor bilateral radial artery blood pressure as well as left-sided femoral blood pressure to be able to control the supply to all vascular beds [2] . We use NIRS in all cases [3] . We do not use cerebrospinal fluid drainage in aortic arch surgery. We always use the short (10 cm) version of the stent-graft and aim for metachronous secondary distal extension if needed, being aware that length may be just one of the many contributing factors to symptomatic ischaemic injury to the spinal cord [4] . With this strategy we did not observe this complication after this operation to date. Postoperative arterial blood pressure is not restricted to any predefined upper level. It should be mentioned that in the early phase after weaning from cardiopulmonary bypass (CPB), the left-sided radial artery blood pressure curve might be damped, which is a phenomenon that usually resolves within the first few hours after surgery. This situation should not prompt surgeons to rush for an extra-anatomic bypass to the left subclavian artery (LSA).
Cannulation
In both acute and the chronic settings, the majority of centres in Europe participating in the European survey prefer the right subclavian/axillary artery cannulation site and perform bilateral selective antegrade cerebral perfusion (SACP) during hypothermic circulatory arrest (HCA) [1] .
The authors' preference is the following: In both the acute and chronic scenarios, we use the right subclavian artery for arterial return. We use a lateral surgical access via the Mohrenheim groove. The more lateral the approach that is chosen, the less need there is for extensive separation of muscular layers and the better and safer the exposure is. When using direct cannulation, we use a rectangular 4.0 Prolene suture because it complies better during closure with regard to luminal diameter than a purse string suture. We use a standard Seldinger's technique. If a prosthesis is chosen, we normally use an 8-mm Dacron prosthesis.
Perfusion and temperature management
The preference of the majority of European centres for core as well as perfusate temperatures for SACP is between 22 and 28 C. In the majority of settings, flow is adjusted according to pressure and flow as well as according to NIRS values [1] .
In our institution, the intended core temperature is between 25 and 26 C. Bilateral SACP is used in all cases, and the perfusate temperature corresponds to the core temperature. The LSA is always clamped to avoid steal phenomena in any type of total arch replacement. Myocardial protection is achieved via cold blood cardioplegia in an ante-as well as a retrograde fashion [5] . After completion of the distal arch/descending as well as the LSA anastomosis, antegrade systemic flow is re-established via the perfusion branch of the Thoraflex TM Hybrid prosthesis. The systemic and the cerebral circulations are separated from that point on, and SACP is performed via an additional pump. Classic HCA is avoided completely with this technique. After rewarming and completing all of the remaining anastomoses, the patient is weaned from CPB and the operation is finished in the usual fashion.
Concomitant cardiac surgical procedures
In a chronic case where aortic root surgery has to be added to the overall procedure, the ascending aorta is clamped during cooling, cardioplegia is administered and the intended repair is performed as needed. If a concomitant cardiac surgical procedure takes longer than the anticipated cooling time and the intended core temperature has already been reached, CPB is maintained at 26 C until the procedure has been completed. After having accomplished root surgery before completing the frozen elephant trunk (FET) procedure, we continue with the beating heart setting but we have modified the Hannover protocol so that we can use normothermic antegrade coronary perfusion [6] . In acute cases, the ascending aorta is never clamped because the way in which perfusion is altered when an acutely dissected ascending aorta is clamped remains unpredictable.
Surgical exposure of the supra-aortic branches and the left recurrent laryngeal nerve
We use the following approach for surgical exposure of the supra-aortic branches: During cooling, the brachiocephalic trunk is dissected in a semicircular fashion; the left common carotid artery is circumferentially dissected and encircled with a Silastic tape in order to be able to hold the left-sided SACP catheter in place for the time of perfusion. We try to expose the LSA during cooling. If the exposure is insufficient, we do not force the process during the cooling period but wait until lower body HCA has begun because exposure and separation of the left recurring laryngeal nerve are substantially easier. Occasionally, the anonymous vein impedes sufficient exposure of the supra-aortic branches. When this situation occurs, we follow a liberal strategy in dividing the vessel. The vein is clamped, and, if no facial congestion is seen, then the vessel is divided. It is rare that re-establishment of continuity is needed.
After the intended core temperature is reached, the brachiocephalic trunk is clamped and right-sided SACP is begun together with lower body HCA. Then, the brachiocephalic trunk is released from the arch tissue and is moderately mobilized. One should bear in mind that the trachea is in close anatomic proximity and that the arterial blood supply reaches the trachea via lateral inflow. Extensive mobilization of the supra-aortic branches in combination with lower body HCA may lead to ischaemic tracheal injury and may be responsible for the few but deleterious cases of prostheto-tracheal/bronchial fistulation [7] . Next, the left common carotid artery is released from the arch tissue, and leftsided SACP is added using a cannula inserted directly inside the carotid artery lumen. The rest of the LSA is now exposed, and the vessel is circumferentially dissected and mobilized as far cephalad as possible. The vessel is clamped and divided a few millimetres cranially to its origin in order to have a sufficient stump for closure. Then, a 4.0 Prolene suture is inserted using the Blalock technique and is secured with three 4.0 Prolene patchcounter-patch sutures because exposure of this region is difficult once perfusion is re-established.
Deployment of the Thoraflex TM Hybrid prosthesis
Whether external support of the distal arch/descending anastomosis is performed with a Teflon felt strip or with direct implantation of the Thoraflex TM Hybrid prosthesis depends on the underlying pathophysiological condition. We routinely use circumferential support in acute type A/B as well as acute non-A/ non-B aortic dissection. The Teflon felt strip is externally attached to the dissected layers with a mattress 4.0 Prolene suture. Afterwards, the Thoraflex TM Hybrid prosthesis is deployed. We do not routinely use a guidewire, because we do not see any advantages in aneurysmal disease. In acute or chronic dissection disease, we reconfirm the correct positioning of the prosthesis within the true lumen by both aortoscopy and transoesophageal echocardiography. Proximalization of the suction line in the descending aorta (we always use an additional suction line to provide a bloodless surgical field) is then done in order to gain a sufficient view using transoesophageal echocardiography. Some surgeons use a guidewire in acute dissections to ensure placement of the stent in the true lumen only. Before placing the guidewire, aortoscopy might help, and placing a pigtail catheter before using the somewhat stiff guidewire helps the surgeon remain in the true lumen.
After deployment, the circumferential distal arch/descending anastomosis is performed with a long (120 cm) 3.0 Prolene suture with a large needle. By leaving the LSA orifice intact, proximalization of the anastomosis is possible. The distance within the operative field is shorter and the anastomosis is thereby more convenient (Fig. 1) . After insertion of this suture line, a nerve hook is used to check the tension of the running suture every 90 to ensure redundancy of the suture, thereby potentially decreasing the risk for postoperative bleeding.
Reattachment of the supra-aortic branches
We prefer to perform the LSA anastomosis during lower body HCA because the procedure is more effective under those conditions than if systemic perfusion is already underway. The next step is to measure the length of the LSA prosthetic branch in relation to the native LSA. This measurement is done to determine the final orientation of the prosthesis in relation to the aortic root in order to choose a shorter or longer length of the supra-aortic prosthetic branch. The anastomosis is then performed with a 5.0 Prolene running suture, and the posterior portion is secured with two 5.0 Prolene patch-counter-patch sutures because this region is nearly impossible to access afterwards. Then, the perfusion branch of the Thoraflex TM Hybrid prosthesis is cannulated, and systemic perfusion is re-established as described previously. This moment is used to confirm haemostasis at the distal arch/descending anastomosis, and the LSA anastomosis and then the correction stitches are inserted. In the few instances where we see an isolated offspring of the left vertebral artery from the aortic arch, we usually use a segment of the great saphenous vein as an interposition graft between the native vessel and the replantation site, which may be anywhere in the main body of the prosthesis or even in one of the supraaortic prosthetic branches, depending on the individual situation (Figs 2 and 3 ). Another conceptual approach to the LSA is an end-to-end anastomosis of an 8-mm Dacron graft directly to the LSA before implantation of the hybrid graft. This alternative to the aforementioned approach might be used in clinical situations with limited space at the distal arch. The 8-mm Dacron prosthesis is reimplanted at any level of the central portion of the Thoraflex TM Hybrid graft. The original LSA prosthetic branch is ligated at the level of its offspring. Another approach is to oversew the proximal LSA and use an extra-anatomic approach. We use this alternative in clinical situations where the end-to-end anastomosis just described is not feasible either for reasons of exposure or because of the poor tissue quality of the native LSA. Then, the LSA is closed by a running suture additionally supported by 4.0 Prolene patch-counter-patch sutures or ligature. The peripheral LSA is exposed via a left-sided infraclavicular approach. The LSA prosthetic branch is guided to this location via the second intercostal space, and an end-to-side anastomosis is performed. Left vertebral perfusion is thereby preserved. This step is usually performed during rewarming (Fig. 4) . In cases of opening the left pleural space, this graft is surrounded with a bovine pericardial patch in order to prevent any potential chronic erosion and fistulation to the left upper lobe.
Whenever extremely bad visualization of the LSA is anticipated, we occasionally perform carotideo-subclavian bypass or transposition before arch surgery and close the LSA at its aortic origin during the FET procedure.
Afterwards, left SACP is stopped; the cannula is removed; and the length of the branch to the prosthetic left common carotid artery branch is determined in a manner like that used to determine the length of the prosthetic LSA branch. This anastomosis is performed with 5.0 Prolene sutures. No security stitches are used because this region is easily accessible if needed. Blood flow is re-established. Finally, the prosthetic brachiocephalic trunk branch is adjusted as needed, and the remaining supra-aortic anastomosis is completed. Figure 5 shows the intraoperative situs after reimplantation of the supra-aortic branches. Finally, the appropriate length to the sinotubular junction is determined, the graft is shortened accordingly, and the last anastomosis is performed. Alternatively, this anastomosis may be performed after the LSA anastomosis in order to reduce ischaemic cardiac arrest, and the remaining supra-aortic anastomoses are performed on the beating heart.
Haemostasis
It is important to confer with the anaesthesiologists to determine an appropriate plasma and cellular haemostatic regimen because diffuse bleeding is common, and the distinction between bleeding related to the surgical procedure and pharmacological haemostatic needs is difficult to determine. In particular, extensive exploration of the entire surgical field for potential remaining bleeding sites may amplify or create new surgical bleeding sites. So, at best, a proactive regimen should be followed. A final exploration of the entire surgical field should be performed only after clot formation is confirmed with a visual inspection. In our experience, the surgical procedure just described reduces the need for correction stitches to a minimum.
Outcome
Obviously, implementation of this technique has improved results and has also broadened indications for its use. Besides the ability to stabilize the true lumen in the acute dissection setting and the ability to alter the dilation pattern in the chronic dissection setting, the FET technique using the Thoraflex TM Hybrid prosthesis has also evolved as a safe modification of a descending anastomosis because haemostasis, besides the circumferential suture line, is also enhanced by the radial force of the stent graft. Additionally, secondary distal repair is facilitated regardless of whether the classical surgical approach or thoracic endovascular aortic repair is used. A direct comparison with classical aortic arch replacement is thereby difficult and can only be made after considering the points just mentioned.
CONCLUSIONS
The FET technique has substantially broadened the armamentarium of surgeons to treat complex acute and chronic thoracic aortic conditions. Adherence to detail as well as complying with the technical modifications described here will help to make aortic arch replacement using the Thoraflex TM Hybrid prosthesis a safe procedure.
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